is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. On nautical charts, undersea features are portrayed by sets of soundings (depth points) and isobaths (depth contours) from which map readers can interpret landforms. Different techniques were developed for automatic soundings selection and isobath generalisation from a sounding set. These methods are mainly used to generate a new chart from the bathymetric database or from a large scale chart through selection and simplification however a part of the process consists in selecting and emphasising undersea features on the chart according to their relevance to navigation. Its automation requires classification of the features from the set of isobaths and soundings and their generalisation through the selection and application of a set of operators according not only to geometrical constraints but also to semantic constraints. The objective of this paper is to define an ontology formalising undersea feature representation and the generalisation process achieving this representation on a nautical chart. The ontology is built in two parts addressing on one hand the definition of the features and on the other hand their generalisation. The central concept is the undersea feature around which other concepts are organised. The generalisation process is driven by the features where the objective is to select or emphasise information according to their meaning for a specific purpose. The ontologies were developed in Protégé and a bathymetric database server integrating the ontology was implemented. A generalisation platform was also developed and examples of representations obtained by the platform are presented. Finally, current results and on-going research are discussed.
INTRODUCTION
Nautical charts provide a schematic representation of the seafloor where features are portrayed by isobaths and soundings. In order to address navigation requirements, navigation hazards on the seafloor such as reefs must be emphasised and relevant fairways and berths must be highlighted. Furthermore, the navigator does not see the seafloor and a precise description is not required. As a consequence, nautical charts provide a more schematic representation of the relief than topographic maps. Undersea features are portrayed on the chart based on their relevance for navigation and their meaning has to be taken into account in designing an automatic generalisation process.
Starting from the seafloor modelled by a set of soundings and isobaths extracted from the bathymetric database, a first part consists in simplifying the seafloor representation according to the scale of the chart (Peters, 2012) . A second part consists then in selecting and emphasising undersea features according to their meaning. In practice, the cartographer would work by selecting soundings and isobaths in order to characterise these features. For example, an isobath modelling a reef is kept and may be enlarged while an isobath marking a depression may simply be omitted. Automating this part requires first features to be characterised and classified from the set of soundings and isobaths and second features to be generalised according to their relevance. Generalisation operators shall be chosen and applied automatically to features considering their type and generalisation constraints.
As the process relies not simply on the satisfaction of geometrical criteria related to a scale factor but also on the meaning carried by the features, a first step in developing an automated process is the formalisation of different concepts involved in the generalisation. Such formalisation can be achieved through the definition of an ontology of the generalisation process. In this paper, an ontology is introduced which is built in two parts. First, an ontology characterising undersea features is designed. This ontology is mainly based on previous works by (Yan et al., 2014) . Second, the bathymetric information portrayed on the chart is classified into different concepts including the cartographic elements drawn on the map (soundings and isobaths) and the undersea features they model, integrating the standard nomenclature of the International Hydrographic Organisation (IHO, 2008) . On top of that, the ontology conceptualises the generalisation process by formalising cartographic constraints enforcing navigation rules, the measures evaluating the adherence to constraints and the operators enforcing these constraints. Both parts form an ontology where the central concept is the undersea feature around which other concepts are organised so that the generalisation process is not driven by geometrical constraints but by the semantic of the chart where the objective is to select the information according to their meaning for a specific purpose, navigation.
The ontologies were developed in Protégé and a triplestore database server integrating the ontologies was implemented. The database stores both the knowledge inferred from the ontology and the bathymetric data. A generalisation platform was also developed accessing the database to retrieve bathymetric data but also to classify the features and evaluate the cartographic constraints. This work contributes at providing a new approach for the development of a cartographic tool for chart. First, the ontology is used to design an enriched bathymetric database storing soundings and isobaths and also features as characterised from the data. Second, from the knowledge gathered in the database, a generalisation process could be designed for the automatic construction and update of nautical charts.
The paper is organised as follows: the next section reviews existing development on cartographic ontologies describing geographical information and formalising the generalisation process as well as issues related to the representation of landforms. Section 3 introduces the framework of the new ontology and describes concepts involved in the feature representation and generalisation process. The database implementation and examples of representations obtained on the platform are presented in section 4. The final section addresses concluding remarks and on-going research.
ONTOLOGIES FOR CARTOGRAPHIC REPRESENTATION
Existing works on ontologies in cartography are of two kinds and were mainly conducted by national mapping agencies. On one hand, domain ontologies describing the knowledge portrayed on the map were designed by the Spanish mapping agency (IGN-E) (Gómez-Pérez et al., 2008) and the Ordnance Survey in the UK 1 . Both ontologies rely on several ontologies including a topographic ontology and a hydrological ontology. They provide a taxonomy of geographical feature types. Their objective is to deal with the heterogeneity of data sources and with large amount of cartographic data. They do not address processes involved in the construction or techniques for representation of geographical objects on the map. Furthermore, they focus on topographical maps and so do not address requirements of nautical charts. Therefore, an ontology characterising undersea features is required so that features portrayed on the chart can be classified.
On the other hand, ontologies describing the generalisation process were defined separately focusing on the operations and constraints involved in the generalisation process. (Gould and Chaudhry, 2012 ) developed a generalisation ontology for ondemand mapping attempting to capture, in one-step, all the knowledge that could be used to describe the generalisation process and considered legibility during change of scale. It includes an operation ontology which organises generalisation operations and conditions, aiming at describing the properties, behaviours and relationships of generalisation operations in such a way that they can be selected and used to resolve conditions automatically. Figure 1 shows the operator ontology. The condition includes logical conflict, congestion, high density congestion, and imperceptibility. An algorithm ontology connects the generalisation algorithms to different feature types. For example, algorithm implements smoothing and applies it to the road feature type. This work is able to automatically select, sequence and execute map generalisation operations according to user requirements however, parameter values are not set automatically. Different algorithms performing the same generalisation operation may have different parameters or even have similar parameters but with different values according to the context. In addition, algorithms implementing several operators are not modelled yet. (Touya et al., 2012) provide an ontology to manage spatial relations and relational constraints between geographic features in the context of generalisation. It classifies spatial relations in eight categories forming a taxonomy of relations, which helps to automatically select algorithms in a process of generalisation or on-demand mapping, includes topological relationships with (Egenhofer and Franzosa, 1991) , orientation relations such as relative orthogonality, position relations (relative position and proximity), shape, size, semantic relations, and movement relations which can be expressed by a movement verb like "the river circles the building". In addition, generalisation constraints are gathered in a relational constraint ontology. Figure 2 represents four types of relational constraints in a hierarchical model. These ontologies help to improve map generalisation automation and on-demand mapping. But this work has not connected spatial relationship ontology and constraint ontology together. Relating to the whole generalisation process, generalisation operations also need to be considered in the model.
In these works, concepts describing objects portrayed on the map relate to objects stored in the topographic database without ambiguity. For example, in the expression "the river circles the building", the river and the building already have properties including a geometry explicitly defined in the database. This does not apply to undersea features which are not modelled in the bathymetric database. One supplementary requirement is the characterisation of undersea features. As said by (Janowicz et al., 2013) , "the definitions of feature types are a product of human perception, cognition, current state of knowledge and social agreement" and so are often domain-specific. In hydrography, a nomenclature is provided by the IHO (IHO, 2008) and used in the GEBCO gazetteer of undersea feature names 2 . As each feature type is defined by one or two sentences, a semantic model is required to capture the meaning into a set of concepts and relationships.
On one hand, such model leads to an object-based representation where each feature is a part of the seafloor corresponding to common perception but whose properties including its boundaries are not clearly defined (Smith and Mark, 2003) . On the other hand, the bathymetry is defined by a field model (and stored in the database by a discrete set of soundings and isobaths), leading to what (Mark and Smith, 2001 ) called the "qualitative-quantitative divide".
The ability to integrate field and object views of the landscape is essential for rastervector data-layer integration. Ontologies have been commonly used as a tool to capture the semantic meaning behind different types of landforms and extract them from terrain models. Most works were mostly concerned with the characterisation of specific landforms such as valleys (Straumann, 2009 ), eminences (Sinha and Mark, 2010) , bays (Feng and Bittner, 2010) and reefs (Duce, 2009) where qualitative predicates are translated into numerical variables. Such characterisation leads to the loss of the inherent semantic vagueness of landforms and the "precisification" of the classification (Bittner, 2011) .
One objective of this paper is to capture the semantic meaning of features as defined by the IHO nomenclature and to describe how these features are portrayed on the chart. The portrayal depends on the type of representation and the rules to observe during the generalisation process. As a consequence, two ontologies are designed. The first ontology focuses only on the semantics of undersea features in the maritime context by defining qualitative predicates associated to some feature properties, preserving the semantic vagueness of the definition. In the second ontology, the predicates are translated into quantitative properties directly related to how features are portrayed on the chart. Features are represented by sets of isobaths and soundings and have a precise definition (exact depth, crisp boundary) corresponding to how the cartographer draws and the user perceives the features on the chart. As the representation necessitates a selection and a generalisation of the features, constraints and operations are also included in the ontology.
CONCEPTUALISATION OF THE BATHYMETRIC REPRESENTATION

The ontology framework
The undersea feature ontology presented here extends the model defined by (Yan et al., 2014) which only focused on feature classification by integrating generalisation constraints, allowing the characterisation of cartographic conflicts in the generalisation process. The authors, based on the standardised nomenclature of the IHO (IHO, 2008) built an ontology based on shape properties and spatial relationships between features. The ontology follows the framework introduced by (Fonseca, 2001) (Figure 3 ). In the context of nautical charts and navigation, the first ontology conceptualises knowledge about undersea features and is part of the maritime domain. Therefore the application domain ontology (ADO) describes concepts that belong to the maritime domain. It is composed of a subject ontology (defining the features) and a task ontology. The latter describes activities that require or analyse seafloor information. In this context, the task ontology relates to navigation and its definition is beyond the scope of this paper.
The phenomenological domain ontology (PDO) deals with the representation of undersea features on the chart. The method ontology focuses on representation techniques and includes elements on the chart (soundings, isobaths). It is composed of a cartographic representation ontology which includes operations matching features from the ADO to the PDO and of a generalisation process ontology where generalisation constraints and their evaluations are formalised. Finally, the measurement ontology refers to data collection techniques (e.g. echo sounding) and, like the task ontology, is out of the scope of this work.
Ontology of undersea features
The subject ontology describes the 46 types of feature found in the IHO nomenclature (IHO, 2008) . Like for any landform descriptions, terms are fuzzy and scale dependent. They describe the feature properties (its shape and composition) and relationships (mereological and topological). Properties of the undersea feature concept are summarised in whether the feature represents a danger for navigation, like a reef or a bank. The depth level is defined as a spatial property relating features with different parts of the seafloor such as the continental shelf or the basin which have their own geomorphological properties and form a partition of the seafloor. As an example, a levee is defined as a "depositional natural embankment bordering a canyon, valley or seachannel on the ocean floor". The first terms "depositional natural" define the feature composition, "on the ocean floor" defines the depth level and "bordering a canyon, valley or seachannel" defines the topological relationship that shall be observed to characterise a levee.
The shape of a feature is defined by its saliences, leading to the definition of a shape concept which can be refined into different concepts describing parts of the feature:
• the tip (i.e. the extremity) type which can be assimilated to a point (as in a peak), a line (as in a ridge) or an area (as in a plateau or a bank);
• the relative spatial extent, whether the feature base is large or small;
• the vertical profile defining the overall shape and including both the morphometric class (Wood, 1996) and the type of slope (steep, gentle);
• and the horizontal profile which describes the shape of the base (elongated, equidimensional).
The reader is referred to (Yan et al., 2014) for a full description of these concepts. For example, a plateau is defined as a "flat or nearly flat elevation of considerable areal extent, dropping off abruptly on one or more sides". Hence a plateau is composed of a "flat or nearly flat" tip, its vertical profile is an "elevation dropping off abruptly on one or more sides" and its relative spatial extent is "considerable". These different terms have been formalised into a set of concepts that are summarised in Figure 5 .
In order to take into account different levels of granularity in the description of the features, a hierarchy of features is defined where features from the IHO correspond to the most specialised concepts at the bottom of the hierarchy, and other concepts are obtained by generalisation. For example, the Seamount and the Hill defined in the IHO terminology are generalised as Peak Feature which gathers all features whose vertical profile is a peak and, at the next level, the Peak Feature and Ridge Feature are generalised into Eminence Feature whose vertical profile is an eminence. By this way, the granularity can be adjusted according to the accuracy of input data or the requirements of the application. For a full review of the feature description and hierarchy, the ontology is accessible online 3 .
3.3 Ontology of the representation 3.3.1 The cartographic ontology The method ontology formalises the way undersea features are represented on the chart. Two categories of concepts are considered to describe the information portrayed on the map: the graphical elements such as soundings and isobaths which are effectively drawn on the chart and the visual elements which are perceived by users based on their interpretation. These include morphometric features translating undersea features of the ADO and other characteristic features such as critical lines and areas defined by different sounding densities. These concepts are represented in Figure 6 . The chart concept includes metadata such as the chart scale and the symbology.
The method ontology also describes the processes classifying the features. They correspond to functions translating the different feature properties presented in the ADO into functions that apply to features defined by isobaths and soundings such as the area and the height of features.
The generalisation process ontology
The generalisation process ontology is the part of the method ontology which describes and manages the whole generalisation process. This ontology integrates the cartographic ontology mentioned above and includes three other concepts: generalisation constraints, evaluation and generalisation operations. Generalisation constraints 3 https://www.dropbox.com/s/vjigdrzpc6nsamw/underseaP.owl Figure 7 : Classification of generalisation constraints. For conciseness, most specialised constraints are omitted.
describe the chart requirements to be considered during the process. They can be classified in 6 categories (Harrie and Weibel, 2007) and are summarised below.
• Legibility constraints: chart elements must be big enough and a minimum distance must be observed between them;
• Functional constraints: a depth portrayed on the map can never be deeper than the real depth (safety constraint) and main navigation routes and berthing places must be highlighted;
• Structural and topological constraints: relationships between elements must be maintained;
• Position and shape constraints: relative and absolute position of elements must be preserved.
Constraints can be contradictory and so cannot always be satisfied all together: if a feature is enlarged to be legible, its shape is modified. The objective of the generalisation process is to find a solution that best satisfies all constraints. Among them, some constraints are satisfied at the beginning of the process and shall be preserved (e.g. the shape and position) while others correspond to conflicts which must be corrected to yield a valid solution (e.g. the legibility). The constraint concept is therefore arranged in different concepts divided between preservation constraints and conflicts ( Figure 7 ). All constraints have not been portrayed. The whole taxonomy of constraints can also be accessed online.
The generalisation process being driven by the features, constraints are first defined at feature level. The following constraints are identified:
• Functional constraint: features that are relevant to navigation must be emphasised. This constraint is used to choose operators according to the types of feature;
• Legibility constraint: a minimum distance between features must be observed, features must have a minimum area;
• Shape constraint: the different shape properties of the feature ( Figure 5 ) shall be preserved;
• Structural constraint: this constraint is used to choose an operator and to control generalisation operations in order to maintain consistent relationships between elements. As shown in Figure 6 , features are composed of isobaths and soundings. Therefore, feature constraints can be decomposed into sounding and isobath constraints. For example, a feature needs to observe a minimum area to be legible. That means that the element on the chart defining the feature boundary, e.g. an isobath, must also satisfy a minimum area. This is shown on Evaluation is the process of examining if elements satisfy constraints by assigning a score. Evaluation is performed first to detect conflict and estimate if some operations are needed. Evaluation is also performed during an operation to control the process and after to assess the quality of the result. As for constraints, evaluation is performed at both feature level and isobath and sounding level. Methods at feature level are composed of methods that apply to soundings and isobaths.
Evaluation methods are mainly geometrical: distance, area, density, shape and displacement. Distance can be computed between any two kinds of elements which are disjoint, a conflict being observed if two elements are too close. Area is computed on features and on closed isobaths, also resulting in a conflict if too small. Density of soundings applies to features and groups of soundings. It can characterise conflicts if the density is too high and control sounding selection by defining a value according to the morphology (Brosset and Devogele, 2004) . Shape and displacement are used to measure the difference between an original feature or isobath and its current position. They are used both to control a deformation as when applying continuous optimisation techniques and to evaluate the quality of an operation. Nongeometrical evaluation methods relate to structural and functional constraints mainly. They are used in selecting and controlling operations. For example, two features can be aggregated if they are two eminences only and an isobath cannot be removed if it leads to a topological inconsistency.
An evaluation is associated to the constraint it evaluates and to the element it applies to. Depending on its type, an evaluation will return a numerical value or a boolean indicating how big a constraint violation is, such as the displacement applied on an isobath or whether the safety constraint is violated when removing a sounding. For example, on Figure 8 , the feature area method can evaluate an area conflict or whether the area of the feature has been preserved or not. The feature being delineated by an isobath, the area is computed, by composition, by the isobath area method.
IMPLEMENTATION
System design
Both ADO and PDO ontologies were designed in Protégé 4.2 and integrated in a Virtuoso triplestore database server. Virtuoso stores all the concepts and relationships of the ontology, forming an ontology database and is also used to store the bathymetric database from which chart data are extracted. The schema of the bathymetric database is directly generated from the ontology database. Knowledge is defined as triples in the form of subjectpredicate-object expressions so that predicates connect data with concepts, e.g. isobath I -is an instance of -Isobath concept, and data together (e.g. isobath I -is part of -feature F). Constraints and evaluation are also defined as concepts in the ontology and connected by predicates to cartographic elements. Examples of triples in the ontology database are Area conflict -is a -Legibility constraint, Area measure -evaluates -Area conflict and Area measure -applies to -Feature.
The database server was connected to an existing generalisation platform which was developed in C++ using Qt and CGAL libraries. The platform relies on previous works from (Guilbert, 2013) for the identification of features where only isobaths were considered and isobath generalisation operations are implemented. Therefore, although all feature types are defined in the ADO, only features delineated by isobaths and forming prominences or depressions are considered in the representation. At its creation, the bathymetric database is populated only by isobaths and soundings. Topological relationships between isobaths and soundings are first added with a constrained Delaunay triangulation. Shape properties of each features are computed from their soundings and isobaths and topological relationships between the features are extracted into a feature tree. Classification requires the translation of semantic predicates defined in the ADO into geometrical measures and topological relationships that apply to properties in the PDO. The association between features in the ADO and the PDO is done by defining threshold values for properties in the PDO translating the qualitative predicates in the ADO. Association can then be done by storing the required parameter values together with the predicates from both sides.
Once classification is done, the system evaluates conflicts which require generalisation. The ontology is used to infer for each feature which evaluation methods shall be applied and which constraints are evaluated. Composition relationships automatically trigger the evaluation of constraints on isobaths and soundings. For example, evaluating the distance between two features delineated by isobaths is done by evaluating the distance between the isobaths. At this stage, generalisation operations are not performed and conflicts are stored for record only.
Observations
The model was tested on a set of soundings provided by the French Hydrographic Office for a large scale map (1:12500) of a coastal area. Isobaths were extracted with a 1 metre vertical interval by interpolation. Only features that inherit from the prominence and depression concepts are classified as they are the only ones identified on the chart. Shape properties are computed from the soundings and isobaths composing a feature. The base is defined by the boundary contours from which the spatial extent and horizontal profile are computed. The tip is defined by starting from the highest or deepest sounding and by adding neighbouring triangles to extract the largest possible horizontal surface. Figure  9 presents a set of classified features. Figure 9 left shows leaves of the feature tree, i.e. feature which do not contain any other features. Figure 9 right shows features at the top of the hierarchy. The hierarchy of feature concepts defined in the ADO was used as a decision tree to reach the highest level of precision. Seven types of feature (peak feature, reef, bank, shoal, pit, channel and basin feature) were identified and characterised (Table 1 ). The first four features are prominences and three of them are defined in the IHO terminology. The last three are depressions and are not in the terminology because in shallow areas, noticeable features are mainly features which represent a danger for navigation. A channel corresponds to an elongated depression. The largest one, shown on Figure 9 right indicates a navigation route and contains most of the other depressions.
Conflicts are detected by the evaluation methods and can be characterised by the elements involved in the conflict, the violated constraint and the score describing the importance of the violation. Examples of evaluation results are given in Figure 10 where each evaluation is described by the features involved and the evaluation score, the bigger the score the larger the violation. A score of 0 means that no conflict occurs and so no record is made in the database.
CONCLUSION
This paper introduces an ontology for the generalisation of the bathymetry on nautical charts. The ontology is centred on undersea features which are identified and to be generalised during the process. The ontology is divided into an application domain, defining the feature properties, and a phenomenological domain, One important issue in this work is the characterisation of undersea features. The model proposed here contributes to defining a formal semantics of undersea features so as to restrict their interpretation. By providing two separate ontologies, a solution to the qualitative-quantitative divide albeit in a narrow context as only one standard semantic and one representation are combined.
All concepts defined in the ontology have not been implemented yet. Only features that are bounded by one or several isobaths are identified. Due to the inherent vagueness of landforms, delineating undersea features with a crisp boundary is subjective however it corresponds to the representation that is given on the chart and provides a rigorous definition for shape properties. Further work can be done by representing features by one or several soundings (e.g. a seamount where only the summit is marked) or by dealing with plane features. The type of chart (large or small scale, coastal or offshore navigation) can also be taken into account to consider only feature classes relevant to this chart.
At this stage, the platform can detect conflicts and, by making use of the constraints, go through a list of operations and select those relevant for the conflict. Two directions are considered. First, generalisation operations need to be implemented so that plans made from the evaluation can be performed. Second, the ontology can be further developed so that generalisation plans can be inferred directly from the ontology. A multi-agent system is being developed where undersea features can perform different plans and select the best result (Zhang and Guilbert, 2011) . The benefit of MAS is that features can be modelled as autonomous agents which evaluate their environment and control isobaths and sounding agents at lower levels in line with the feature-centred approach designed in the ontology.
At a more conceptual level, other nomenclatures and representations can be considered. For instance, the IHO regularly updates its standards and a 3D representation may be considered. Such work may require the definition of a common ontology pattern that can be reused but also which would facilitate their integration.
